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Abstract
This paper studies an ionic liquid (IL) 1-ethyl-3-methylimidazolium bis(trifluoromethanesulfonyl) 
imide ([EMIM][TFSI]) containing Zn2+ ions as a novel functional group for CO2 absorption. Their 
physical properties including the density, decomposition temperature, phase transition temperature, 
heat capacity and viscosity have been characterised. The CO2 solubility measurements have been 
carried out under constant pressures of 0.1, 0.3, 0.5, 0.7 and 1.0 bar at 40 oC.  The result shows an 
appealing solubility of 8.2 wt% CO2 at 1.0 bar. The real-time absorption kinetics was studied using 
a comprehensive diffusion model for a reacting system. Based on this model, the corresponding 
diffusion coefficients and the reaction rate constant have been obtained. The diffusion and reaction 
behavior of CO2 in the physical/chemical absorption has also been discussed. 
© 2010 Elsevier Ltd. All rights reserved 
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1. Introduction 
Interest in using ionic liquids (ILs) for CO2 absorption and separation has grown extensively since the discovery that a 
considerable amount of CO2 can be accommodated by ILs upon high pressures [1-2]. Combined with their 
physicochemical properties, such as negligible vapour pressure, high chemical and thermal stability, non-flammability, 
and generally being non-corrosive, ILs are very attractive absorbents for application in CO2 capture and sequestration. 
However, the solubility of CO2 in most conventional ILs is low (around 0.5 wt%) at ambient pressure [2]. An 
encouraging strategy to improve the absorption capacity is to introduce functional groups which chemisorb CO2. 
 
It is well known that CO2 molecules form coordination interactions with transition metals [3]. In this work, we 
introduced a zinc complex (zinc bis(trifluoromethanesulfonyl)imide Zn(TFSI)2) into the IL 1-ethyl-3-
methylimidazolium bis(trifluoromethanesulfonyl)imide [EMIM][TFSI] as the functional group. Zn(TFSI)2 is chosen 
because it contains the same anion as the IL. In recent years, TFSI- anion based ILs have been widely studied. The 
strong electronegative character of the CF3 groups causes the negative charge to distribute along the anion resulting in 
reduced interactions with the cations and thus low viscosity [4]. TFSI- may also form weak coordination bonds with 
transition metals. These factors allow CO2 molecules to bond with a metal centre in ILs, and the complex itself may 
maintain all the attractive features of the ILs. Together with the EMIM+ cations, it forms a combination of 
[EMIM]+[Zny]2y+[TFSI(1+2y)] (1+2y)- [5].
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In this work, one equivalent molar of Zn(TFSI)2 was mixed together with [EMIM][TFSI] to form an IL having a 
stoichiometric composition of [EMIM][Zn][TFSI]3 (EM(Zn)TFSI 1-1). We studied the physical properties, such as the 
thermal behaviour, density and viscosity. The solubility measurements of CO2 in the IL have been performed under 
constant pressures. The time-dependent behaviour of gas absorption has also been analysed using a diffusion model 
suitable for reacting systems. 
2. Experimental
2.1. Synthesis of hydrate Zn(TFSI)2· x (H20) and IL  EM(Zn)TFSI 1-1 
Zn(TFSI)2 was synthesised as follows: zinc metal (clumps) (1.94 g, 29.64 mmol) was added to a solution of 
HNTf2•1.25H2O (6 g, 19.76 mmol) in 30 mL deionised water. The suspension was stirred at room temperature for 24 h, 
after which the pH reached 7. The reaction was filtered and the volatile components of the filtrate were removed in 
vacuo. The product was further dried under vacuum at 150 °C overnight yielding a white solid (5.45 g, 90 %). The zinc 
content was found to be 9.45 wt% by ICP-OES (calc. 10.45 wt%) with the hydrate content x as 3.70. 19F NMR 200 
MHz (DMSO-d6):  -79.17. 
 
EM(Zn)TFSI 1-1 was prepared by mixing equal molar amounts of [EMIM][TFSI] and Zn(TFSI)2·3.7 H2O together. The 
mixture was stirred at 70 oC under vacuum for at least 10 hours; the white powder of Zn(TFSI)2 was fully dissolved in 
[EMIM][TFSI], resulting in an viscous liquid. Heating at 70 oC under vacuum also was carried out to remove the 
hydrated water. The water content of the product was below the detection limit of the Karl Fischer measurements. 
2.2. Physical property characterisation 
Viscosity measurements were carried out on an Anton Paar AMVn Viscometer. The density was measured by an Anton 
Paar DMA5000 density meter. Decomposition temperatures of the ILs and Zn(TFSI)2 were measured by a Thermal 
Gravimetric Analysis (TGA) 2050 from room temperature to 500 oC under a nitrogen atmosphere at a heating rate of 10 
oC·min-1. The measurement of phase transition temperatures was carried out using a TA Differential Scanning 
Calorimetry (DSC) 2910. Approximately 5-10 mg of sample was placed in a hermetically sealed aluminium pan. The 
samples were cooled by liquid nitrogen at 10 ~ 20 oC·min-1 to -150 oC. The DSC traces were then recorded during 
heating at 10 oC·min-1. The heat capacity measurement of the ILs was carried out at 1 oC·min-1 from room temperature 
to 207 oC, using an -alumina (sapphire) having known heat capacity values as a reference material [6]. The overall error 
by the sapphire method is estimated to be within ± 4 % in this experiment [7]. 
2.3. CO2 absorption measurement 
The CO2 solubility and diffusivity experiments were performed using a gravimetric microbalance (Hiden Isochema Ltd, 
IGA003). Detailed information on the instrument setup has been described by Shiflett and Yokozeki (2005) [8]. 
Approximately 50-80 mg sample was loaded into a quartz container (weight of 0.3504 g) and was sealed in a stainless 
steel reactor. Before any absorption measurement, the sample was degassed at 70 oC in vacuo for at least 24 h in order 
to remove any dissolved gas. Once the weight stayed constant for at least 30 min, a dry mass was recorded (as a dry 
mass reading). After that, the CO2 absorption experiments were processed at 40 oC for 48 h in a static gas pressure 
mode, under constant pressures of 0.1, 0.3, 0.5, 0.7 and 1.0 bar. 
2.4. Buoyancy correction 
According to Shiflett et al. [8], the buoyancy force in an IGA system is estimated to be 0.1-5 mg and can cause 
considerable errors if it is not carefully considered. To correct the buoyancy effect in the IGA system, the sample mass 
(Ms) and the mass of the absorbed CO2 (Ma) can be calculated by equation 1 and 2 from the dry mass reading and the 
sample weight reading in the CO2 absorption measurement. 
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where M,  and T are the mass, density and temperature, respectively; P is the pressure; the subscript symbols s, a and g 
represent the sample, the absorbed CO2 and gaseous CO2; the subscript symbols i and j indicate the components on the 
sample side and counterweight side, respectively. Only the buoyancy effect of the sample container, sample and lower 
C/W hangdown was taken into account because of their relatively low densities; other components with larger densities 
have negligible effect. 
 
Appropriate buoyancy correction demands accurate densities of the samples, air, absorbed CO2 phase and gaseous CO2. 
The densities of [EMIM][TFSI] and EM(Zn)TFSI 1-1 were obtained from the density measurement as presented in 
section 3.1. The density of CO2 at the triple point (1.18 g·cm-3) was used as the density of the absorbed CO2 [9]. The 
density of gaseous CO2 was calculated using a Redlich-Kwong cubic equation of state (EOS) [10]. 
3. Results and discussion
3.1. Densities 
Densities of EM(Zn)TFSI 1-1 were measured to be 1.8021 g·cm-3 at 40 oC and 1.7615 g·cm-3 at 70 oC. Densities of 
[EMIM][TFSI] were referenced from the published data as 1.5040 g·cm-3 at 40 oC, and 1.4742 g·cm-3 at 70 oC [11], and 
are presented here for comparison. It can be seen that both ILs have volume expansions with temperature. The density 
of the sample at 70 oC was used for calculating the sample mass (Ms), as the dry mass reading was recorded at 70 oC 
after the sample was degassed in vacuo.  The density at 40 oC was used here for calculating the CO2 mass absorption.  
3.2. Thermal properties 
[EMIM][TFSI] exhibits a melting point at -18 oC and a decomposition temperature at 439 oC, consistent with the 
previous report [12]. The Zn(TFSI)2 salt, however, shows a higher melting point at 141 oC and a lower decomposition 
temperature at 245 oC. By mixing these two compounds together in a 1:1 equivalent molar ratio, EM(Zn)TFSI 1-1 
exhibits a glass transition temperature at -46 oC. The decomposition temperature is increased to 355 oC. Therefore, 
EM(Zn)TFSI 1-1 can be operated in a wide liquidus temperature ranging from -46 to 355 oC. 
 
The heat capacity values of the three samples are shown at 20 oC intervals in Table 1. The heat capacity of Zn(TFSI)2 is 
relatively small in its solid state, but is comparable to that of the IL in the liquid state when the temperature is above 
141 oC. Correspondingly, EM(Zn)TFSI 1-1 shows a smaller heat capacity than that of the neat [EMIM][TFSI] when the 
temperature is below 87 oC. Above 87 oC, mixing Zn(TFSI)2 increases the heat capacity of [EMIM][TFSI]. In the whole 
temperature range up to 200 oC, the heat capacity of EM(Zn)TFSI 1-1 is smaller than those of aqueous amine solutions 
(water possesses a large heat capacity value of 4.184 J·g-1·K-1at 25 oC). This indicates a significant energy saving in the 
regeneration of the absorbent which needs to be heated to remove the absorbed CO2. 
Table 1. Heat capacities (Cp) of the ILs and the Zn(TFSI)2 salt. 
Temperature 
(°C) 
Cp [EMIM][TFSI] 
(J·g-1·K-1) 
Cp Zn(TFSI)2
(J·g-1·K-1) 
Cp EM(Zn)TFSI 1-1 
(J·g-1·K-1) 
26.85 1.242 0.600 1.077 
46.85 1.299 0.713 1.168 
66.85 1.341 0.824 1.287 
86.85 1.399 0.913 1.402 
106.85 1.474 1.002 1.501 
126.85 1.539 1.440 1.594 
146.85 1.583 1.557 1.722 
166.85 1.661 1.665 1.871 
186.85 1.717 1.827 1.984 
206.85 1.795 2.008 2.043 
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3.3. Viscosity 
In industry, the viscosity is not only an important factor that illustrates the processibility of a material, but also indicates 
the diffusion rate of a gas into the material, because the gas diffusion coefficient depends inversely on the viscosity. The 
viscosity values of [EMIM][TFSI] and EM(Zn)TFSI 1-1 are illustrated in Figure 1. The data are fitted to display 
Arrhenius behaviour as described by Equation 4.  
ln lna
RT
E  	  (4)
where Ea is the activation energy for viscous flow; R is the gas constant;  is the viscosity at infinite temperature. 
 
The activation energies for the viscosities of [EMIM][TFSI] and EM(Zn)TFSI 1-1 are 23.31 and 59.46 kJ·mol-1, 
respectively. It is clear that EM(Zn)TFSI 1-1 exhibits a greater viscosity than [EMIM][TFSI], probably suggesting that 
the inter-ionic interactions are stronger in EM(Zn)TFSI 1-1. This implies a slower CO2 diffusion coefficient in the Zn2+ 
containing IL, which sheds light on the fact that EM(Zn)TFSI 1-1 requires a longer time to reach the equilibrium in CO2 
absorption experiments. 
 
 
Figure 1. Viscosities () of [EMIM][TFSI] and EM(Zn)TFSI 1-1 as a function of temperature. 
3.4. CO2 solubilities and Diffusion Coefficients 
Experimental CO2 solubility data for [EMIM][TFSI] and EM(Zn)TFSI 1-1 at 40 oC are shown in Figure 2, 
[EMIM][TFSI] shows a linear absorption capacity versus pressure, indicating a physical absorption mechanism. The 
absorption capacity is poor, only 0.4 wt% at 1.0 bar. However, by mixing [EMIM][TFSI] with Zn(TFSI)2 in a 1:1 molar 
ratio, the CO2 solubility increases 21 times to 8.2 wt% at 1.0 bar. 
 
 
Figure 2. Comparison of CO2 solubilities in [EMIM][TFSI] and EM(Zn)TFSI 1-1 at 40 oC. 
The absorption curve of EM(Zn)TFSI 1-1 in Figure 2 clearly indicates that a chemical absorption is involved in 
EM(Zn)TFSI 1-1+CO2 system. The mechanism of CO2 absorption in EM(Zn)TFSI 1-1 is not yet fully understood. It is 
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possible that a CO2 molecule binds with the metal centre through a coordination interaction to form a 1 or 2 type of 
coordination structure [5], as shown in Equation 5.  
 
or                                                                                         (5)
Shiflett and Yokozeki developed a method to study the CO2 absorption kinetics in an IGA microbalance system. Their 
mathematical model was applied to conventional ILs where only the gas diffusion is considered [8]. For the system 
where a chemical reaction occurs, the model is modified to include an extra item corresponding to the chemical reaction 
on a hypothesis that the reaction acts as a sink to the diffusing species. Therefore, the governing differential equation 
becomes [13]: 
 (6)
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where C is the concentration of the absorbed CO2 in the samples as a function of time t and vertical dimension z; C0 and 
Cs are the initial CO2 concentration and the saturated CO2 concentration under each constant pressure measurement, 
respectively; D is the diffusion coefficient of CO2 in the sample; L is the depth of sample in the cylinder container; kov 
is the overall reaction rate constant. 
 
This mathematical model is used to interpret the time-dependent behaviour of gas absorption where a first-order 
reaction is involved. Presuming that the overall reaction obeys a first-order reaction, the reaction rate is related to the 
concentration of CO2 molecules (CCO2) and the concentration of the accessible coordination sites of the metal (CM*) by: 
                                                                          (10)*2CO ov COMr kC C k C  2
where k is a reaction rate constant with respect to CCO2 and CM*; kov is the multiple of k and CM*. 
Accordingly, Eq. 6 can be resolved with the initial condition and boundary condition using the separation variables and 
Laplace transform methods. Because the real-time absorption data obtained from the microbalance is the sum of all the 
absorbed CO2 in the sample, the concentration at a given time is the integration from z=0 to z=L. Therefore, the final 
solutions are obtained as:  
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When there is no chemical reaction involved, as for sample [EMIM][TFSI], the experimental data can be best fitted 
with Eq. 11. Otherwise Eq. 12 is used, as for EM(Zn)TFSI 1-1. We consider 10 terms for the infinite summation are 
adequate for a solution.  
 
Examples of fitting the real-time CO2 absorption data for [EMIM][TFSI] and  EM(Zn)TFSI 1-1 at 0.1 bar and 1.0 bar 
are shown in Figures 3 and 4, respectively. Important parameters obtained through the curve fitting such as the CO2 
diffusion coefficients in [EMIM][TFSI] and EM(Zn)TFSI 1-1 are listed in Tables 2 and 3.  
 
For [EMIM][TFSI], the calculated C0 and Cs values correspond well to the initial and final CO2 concentrations that were 
measured in each constant pressure experiment. The calculated values of D are at a level of 10-10 m2·sec-1, in good 
agreement with previously reported values [14]. The diffusion coefficient consistently increases from 2.15× 10-10 m2·sec-1 
at 0.1 bar to 3.84× 10-10 m2·sec-1 at 1.0 bar, indicating that CO2 mobility in the IL is facilitated by a higher CO2 pressure 
and/or a larger amount of CO2 molecules that are accommodated in the IL. The calculated sample depth for 
[EMIM][TFSI] is ป5.94×10-4 ± 5×10-6 m. The sample volume change at these pressures is negligible. 
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In comparison, EM(Zn)TFSI 1-1 shows smaller D values at a level of 10-13 ~ -12 m2·sec-1, about three orders of magnitude 
lower than that of [EMIM][TFSI], consistent with the fact that EM(Zn)TFSI 1-1 is 43 times more viscous than 
[EMIM][TFSI]. The diffusion coefficient D of EM(Zn)TFSI 1-1 also shows a trend to increase with a higher CO2 
pressure and/or with more CO2 absorbed. The calculated sample depth for EM(Zn)TFSI 1-1 is 7.0×10-4 ± 1.0 ×10-5 m. 
 
The calculated values of Cs correspond well to the absorption capacities measured at 0.3, 0.5, 0.7 and 1.0 bar, while the 
calculated Cs value (9.7 wt%) is higher than the measured value of 5.8 wt% at 0.1 bar. It is apparent from Figure 4 (a) 
that the absorption did not reach equilibrium in the measurement under 0.1 bar, which is attributed to the slow CO2 
diffusion that appears to be the rate limiting step in the absorption.   
Table 2. Kinetics data of CO2 absorption in [EMIM][TFSI] system at 40 oC. 
0.1 bar 0.3 bar 0.5 bar 0.7 bar 1.0 bar
t0  (min) 
 3.4±0.058 66.9±6.44×10
-5 130.3±1.44×10-10 193.4±9.34×10-15 317.2±3.21×10-39
C0 (mass %) 
0.0396 
±4.28×10-4
0.0937 
±1.47×10-4
0.166 
±2.24×10-4
0.246 
±1.42×10-4
0.369 
±7.72×10-5
Cs (mass %) 
0.0547 
±2.65×10-4
0.125 
±1.07×10-4
0.198 
±1.58×10-4
0.278 
±9.38×10-5
0.386 
±3.97×10-5
D × 10-10 
(m2·sec-1) 2.2±0.17 2.57±0.041 2.60±0.0619 2.65±0.037 3.84±0.049 
L   (m) 5.99×10-4 5.98×10-4 5.89×10-4 5.93×10-4 5.91×10-4
Table 3. Kinetics data of CO2 absorption in EMIM(Zn) TFSI 1-1 system at 40 oC. 
0.1 bar 0.3 bar 0.5 bar 0.7 bar 1.0 bar
t0   (min) 
 33±3.6 2869±3 5727±5 8589±27 11433±78 
C0 (mass %) 3.03±1.1×10-2 5.70±9.0×10-3 7.54±2.0×10-3 7.65±2.4×10-2 8.01±2.7×10-2
Cs (mass %) 9.7±1.9×10-1 7.42±1.7×10-2 7.71±2.3×10-2 8.37±8.7×10-2 8.20±9.0×10-4
kov  (sec-1) 
1.03×10-6 
±2.1×10-8
9.4×10-7 
±2.0×10-8
3.5×10-8 
±1.8×10-9
2.9×10-8 
±3.5×10-9
3.5×10-12 
±1.7×10-13
D × 10-13 
(m2·sec-1) 2.3±
 0.16 14.5± 0.47 8.4± 0.28 4.6±0.81 42±1.0 
L  (m) 6.98×10-4 7.01×10-4 7.09×10-4 7.12×10-4 6.91×10-4
 
 
Figure 3. Comparison of the real-time isothermal CO2 absorption for [EMIM][TFSI] (dot) and its absorption curve 
fitting using a diffusion model (solid line) at 40 oC. 
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Figure 4. Comparison of the real-time isothermal CO2 absorption for EMIM(Zn) TFSI 1-1 (dot) and its absorption 
curve fitting using a chemical reaction+diffusion model (solid line) at 40 oC. 
The calculated reaction rate constant kov value is ป1×10-6 sec-1 at 0.1 bar and 0.3 bar. It decreases when more CO2 is 
absorbed. At 1.0 bar, kov falls to a negligible value of 3×10-12 sec-1 which is similar to the kov values of [EMIM][TFSI] if 
the absorption data were fitted with the kov 0 diffusion model (around 10-13 to 10-15 sec-1). As kov = k× CM*, the 
decrease in the kov value suggests that, with more coordination sites on the zinc metal centres are occupied by CO2 
molecules, the available binding sites M* become scarce. When the pressure reaches 1.0 bar, all the binding sites are 
occupied and the absorption occurs only through a physical absorption mechanism. Converting the absorption capacity 
from the mass percentage to a molar ratio suggests that each Zn2+ site can approximately bind two CO2 molecules. 
 
To estimate the rate constant k, k and kov are correlated by 
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where the integral term represents the time average value of the concentration of un-occupied metal coordination sites; 
its value can be estimated by calculating the integration area between the differential curve of the molar concentration 
of M* and the time-axis. The concentration of unoccupied metal coordination sites is estimated from the overall 
concentration of Zn2+ (1.77 molL-1) excluding the concentration of the occupied coordination sites (estimated from the 
amount of CO2 absorbed, assuming that all the absorbed CO2 molecules are coordinated to Zn2+). Thus, k at 40 oC is 
estimated to be 2.0 (+0.8) ×10-6 L·mol-1·sec-1 under the pressure of 0.1-0.5 bar. The estimated k shows relatively large 
variation under the pressure of 0.7-1.0 bar. It is possible that, as the effect of the physical absorption become non-
negligible under this pressure, there is a larger error in estimating CM*. It is worth noting that the k estimated here is a 
reaction rate constant with respect to CCO2 and CM*; considering that a second CO2 molecule may be involved in the 
overall reaction, the absorption between EMIM(Zn) TFSI 1-1 and CO2 could occur through several reaction steps and 
each may be characterised by a reaction rate constant. Further investigation is required to fully understand i) if these 
reaction steps are concurrent or consecutive; ii) if a first-order reaction can best describe the absorption reaction 
mechanism; and iii) the relationship between the k and the reaction rate constants for each reaction step. 
4. Conclusion
Neat ionic liquid [EMIM][TFSI] shows a small CO2 absorption capacity of 0.39 wt% through a physical absorption 
mechanism. By mixing Zn(TFSI)2 into [EMIM][TFSI] in a 1:1 molar ratio, the CO2 solubility in the IL increases to     
8.2 wt% at 1.0 bar, largely attributed to the chemical reaction involved. One Zn2+ ion may bind up to two CO2 
molecules through a coordination interaction. The reaction rate constant k is estimated to be around 2.0×10-6 L·mol-
1·sec-1 at 40 oC. Thermal analysis indicates that EM(Zn)TFSI 1-1 has a broad liquidus temperature range and low heat 
capacity. These properties make EM(Zn)TFSI 1-1 a good candidate absorbent for CO2 capture. 
 
The real-time CO2 absorption data were analysed using a diffusion model suitable for a reacting system. The model 
implies that the CO2 diffusion coefficient in EM(Zn)TFSI 1-1 is at a value of 10-13 ~ -12 m2·sec-1, about three orders of 
magnitude lower than that of [EMIM][TFSI], consistent with the fact that EM(Zn)TFSI 1-1 is 43 times more viscous 
than [EMIM][TFSI]. The slow CO2 diffusion in EM(Zn)TFSI 1-1 is the rate limiting step in the absorption, especially 
under low CO2 pressure.  
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